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ABSTRACT
In this work, we present a spectral and temporal analysis of Swift/XRT and NuSTAR
observations of GRS 1716–249 during its recent 2016–2017 outburst. This low-mass X-ray
binary underwent an extraordinary outburst after a long quiescence of 23 yr, since its last major
outburst in 1993. The source was observed over two different epochs during 2017 April 7 and
10. The best-fitting joint spectral fitting in the energy range 0.5–79.0 keV indicates that the
spectrum is best described by relatively cold, weak disc blackbody emission, dominant thermal
Comptonization emission, and a relativistically broadened fluorescent iron K α emission line.
We observed a clear indication of a Compton hump around 30 keV. We also detected an excess
feature of 1.3 keV. Assuming a lamp-post geometry of the corona, we constrained the inner
disc radius for both observations to 11.92+8.62−11.92 RISCO (i.e. an upper limit) and 10.39+9.51−3.02 RISCO
(where RISCO ≡ radius of the innermost stable circular orbit) for the first epoch (E1) and
second epoch (E2), respectively. A significant (5σ ) type C quasi-periodic oscillation (QPO) at
1.20 ± 0.04 Hz is detected for the first time for GRS 1716–249, which drifts to 1.55 ± 0.04 Hz
(6σ ) at the end of the second observation. The derived spectral and temporal properties show
a positive correlation between the QPO frequency and the photon index.
Key words: accretion, accretion discs – black hole physics – X-rays: binaries – X-rays: indi-
vidual: GRS 1716–249.
1 IN T RO D U C T I O N
The rapid time variability of transient black hole X-ray binaries
(BHXRBs) provides a unique tool to understand the physical
processes like accretion, disc geometry, etc., in the vicinity of the
central engine. During X-ray outbursts, BHXRBs undergo various
spectral state transitions, namely (i) low/hard (LH), (ii) thermal
or high soft (HS), (iii) very high state (VHS)/steep power law
(SPL), and (iv) hard and soft intermediate (HIMS and SIMS) states
(Belloni et al. 2000; Remillard & McClintock 2006). The HS state
spectrum generally consists of non-thermal flux <25 per cent of the
total emission, while the thermal emission from the accretion disc
 E-mail: sunil.chandra355@gmail.com (SC); 4u.verdhan@gmail.com (JC)
(around the compact object) constitutes the remaining 75 per cent,
with either a weak or no quasi-periodic oscillations (QPOs) seen
in the light curve. On the other hand, the VHS/SPL exhibits
peculiar properties such as the disc flux varying from 35 per cent
to 80 per cent, a photon index () ≥ 2.4 and a luminosity (L)
> 10 per cent of the Eddington luminosity (LEd). Low-frequency
QPOs (LF QPOs) are often observed in this state. The LH state is
characterized by the disc flux contributing <20 per cent, and the
non-thermal flux dominating at ≥80 per cent, a spectral index of
1.4 ≤  ≤ 2.1, a luminosity L ≤ 1 per cent of LEd, and sometimes
LF QPOs (<0.1 Hz) are observed (Remillard & McClintock 2006).
van der Klis (1989) suggests that the QPO frequencies range
from mHz to kHz (≤1.2 kHz). Based on the peak frequency (ν),
QPOs are categorized into LF QPOs and high-frequency QPOs (HF
QPOs). In the case of BHXRBs, the LF QPOs are characterized by
C© 2019 The Author(s)
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0.1 ≤ ν ≤ 30 Hz. Using the definition of the Quality factor1 (also
referred to as Q factor), representing the broadness of a QPO peak
(Belloni & Stella 2014), the LF QPOs are further sub-categorized
into three types: type A, type B, and type C (Homan et al. 2001;
Remillard et al. 2002). Type A LF QPOs are characterized by a
weak (few per cents of rms amplitude) and broad peak (Q factor
≤ 3) around 7–9 Hz, usually observed on top of weak red noise
(Homan et al. 2001; Casella, Belloni & Stella 2005). Type B LF
QPOs represent a relatively strong (4–7 per cent rms amplitude)
and narrow peak (Q factor ∼ 5–7) between 5 and 7 Hz, usually
associated with a weak red noise (few per cent rms) (Motta et al.
2011). The type C LF QPOs are characterized by a strong (up to
21 per cent rms amplitude) and narrow peak (Q factor ∼ 5–12) with
the variable centroid frequency between 0.1 and 15 Hz superposed
on a strong flat-top noise (Wijnands & van der Klis 1999; Motta
et al. 2015).
Different models have been proposed to explain the origin and
physical nature of QPOs in X-ray binaries (XRBs). The study of
LF QPOs provides an indirect way to understand the accretion flow
around the compact object in XRBs. The relativistic precession
model (RPM), based on general relativity and proposed by Stella &
Vietri (1998), explains the origin and evolution of LF QPOs and
a few HF QPOs in neutron star X-ray binaries. According to this
model, QPOs originate as a result of the nodal precession, periastron
precession, and Keplerian motion, of a luminous blob of material
in the accretion flow around the compact object. Ingram, Done &
Fragile (2009) extended the model proposed by Stella & Vietri
(1998), considering the complete inner flow instead of a luminous
blob. The authors tried to demonstrate the origin of LF QPO and
the noise linked to them. Later Motta et al. (2014b) extended this
model to black hole X-ray binaries.
The Galactic microquasar GRS 1716–249 (or GRO J1719–
24 or Nova Oph 1993) was first detected on 1993 September
25, independently and simultaneously by the BATSE instrument
aboard CGRO (Harmon et al. 1993) and the SIGMA telescope
aboard GRANAT (Ballet et al. 1993). The optical counterpart was
discovered by della Valle, Mirabel & Rodriguez (1994) and Masetti
et al. (1996), as a low-mass main-sequence star of spectral type K
(or later). The mass of the companion is star found to be 1.6 M,
and the system has an orbital period of 14.7 h. The compact object
is believed to be a stellar-mass black hole of mass 4.9 M, located
at a distance of 2.0–2.8 kpc. The only observed historical major
outburst from GRS 1716–249 coincided with its discovery in 1993,
which was later studied in detail by van der Hooft et al. (1996), to
investigate the nature of its temporal variability. During the entire
80 d of its outburst, the authors witnessed a QPO at ν ∼ 0.04 Hz at
the beginning of the observations, which gradually shifted to 0.3 Hz
at the end. A constant phase lag of 0.072 ± 0.010 radian was also
observed in the frequency range 0.02–0.20 Hz. van der Hooft et al.
(1999) observed that the ≤ 1 Hz QPO was similar to type II burst
profiles of rapid bursters associated with neutron star accretors. This
variability feature suggests that the origin of the ≤ 1 Hz QPO is
independent of the nature of the accretor, and the 0.04 Hz QPO
originates from thermal viscous instabilities in the accretion disc
surrounding the black hole.
A study of the energy spectra of GRS 1716–249 during the low
hard state was presented by Revnivtsev et al. (1996), applying
different models for the spectral fitting, such as Comptonization
1Q factor is defined as the ratio between the QPO centroid frequency and
the full width at half-maximum of the QPO peak.
and optically thin thermal bremsstrahlung. Ling & Wheaton (2005)
carried out a detailed study of spectral variability and the soft γ -ray
flux during a 1000 d period in 1993–1995.
Using Monitor of All-sky X-ray Image2 (MAXI) data, Negoro
et al. (2016) reported the first detection of GRS 1716–249 on 2016
December 18 after 23 yr. During the MAXI observation on 2016
December 21, the source was observed with a photon index of
1.62 ± 0.06 (Masumitsu et al. 2016). Chandra observations on
2017 February 6 revealed GRS 1716–249 to be in the hard spectral
state with a photon index () ∼ 1.53 (Miller et al. 2017). Based on
Swift observations on 2017 March 27 and April 2, Armas Padilla &
Mun˜oz-Darias (2017) found that the source was transiting to the soft
state. However, Swift observations on 2017 May 5 and 11 confirmed
that the source had returned to the hard state (Bassi, Del Santo &
Motta 2017). Bassi et al. (2019) studied the 2016–2017 outburst
of GRS 1716–249 in the radio and the X-ray bands. Those authors
reported that GRS 1716–249 underwent a failed outburst because
the source never exhibited the canonical high soft spectral state
during this outburst. The radio–X-ray correlation shows that the
source is positioned at the radio-quiet ‘outlier’ branch (Bassi et al.
2019).
This investigation aims to present a spectro-temporal study of
GRS 1716–249 during its recent outburst in 2016–2017, using
two different observations performed on 2017 April 7 and 10 by
the Swift/XRT and NuSTAR observatories. NuSTAR offers a pile-
up free performance (up to 100 mCrab), high-energy resolution
(400 eV in the range 0.1–10 keV) and excellent calibration. This
instrument provides a rare opportunity to study relativistically
skewed iron line profiles and to constrain the inner disc radius
with high precision (Harrison et al. 2013; Miller et al. 2013; Pahari
et al. 2015; Parker et al. 2015). This paper is organized as follows.
Section 2 presents a detailed description of the observations and
data reduction methodologies. Section 3 describes our analysis and
results of the aforesaid outburst. The last Section 4 presents our
discussion and conclusions of the major obtained results.
2 O B S E RVAT I O N A N D DATA R E D U C T I O N
2.1 NuSTAR FPMA and FPMB
During the 2016–2017 outburst of GRS 1716–249, NuSTAR ob-
served this source on 2017 April 7 and 10 (Obs. ID:90202055002
and 90202055004). The NuSTAR data were acquired using the two
focal plane module telescopes (FPMA and FPMB). The net effective
on source exposure times after detector dead-time corrections are
18 and 16 ks, respectively. We refer to the two epochs as E1 and E2
in chronological order. The details of the observations can be found
in Table 1.
We utilized the standard NuSTAR data analysis software (NUS-
TARDAS v1.7.1) included in HEASOFT v6.23 along with the
calibration database CALDB VERSION 20180419. We used the
nupipeline task (version 0.4.6 release date: 2016 October 6)
for filtering event files and for making depth corrections from both
telescopes. A circular region of radius 100 arcsec centred on GRS
1716–249 was used to extract the source events. For extracting the
background events, a circular region of the same size as that of
the source with centre 5 arcmin away from the centre of the source
was chosen to avoid contamination by the source. Science products,
e.g. light curves, energy spectra, response matrix files (rmfs), and
2http://maxi.riken.jp/top/index.html
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Table 1. Details of our Swift/XRT and NuSTAR observations of GRS 1716–249.
Instrument Observation Observation Observation MJD Epoch Effective Count rate Observation
name ID start date start time flag exposure (cts s−1) mode
(DD-MM-YYYY) (hh:mm:ss) time (ks)
NuSTAR/FPMA, FPMB 90202055002 07-04-2017 14:26:09 57850 E1 18 338 ± 12 SCIENCE
NuSTAR/FPMA, FPMB 90202055004 10-04-2017 16:36:09 57853 E2 16 325 ± 10 SCIENCE
Swift/XRT 00034924029 07-04-2017 08:50:41 57850 E1 1.6 130 ± 8 WT
Swift/XRT 00034924031 10-04-2017 21:12:42 57853 E2 1.9 145 ± 8 WT
auxiliary response files (arfs), for both telescopes (FPMA and
FPMB) were generated using the NUPRODUCTS task. Light curves
from both telescopes were merged to increase the signal-to-noise
(S/N) ratio. To minimize systematic effects, the energy spectra from
both detectors were modelled simultaneously.
2.2 Swift/XRT
The Swift/X-ray Telescope (XRT) observations on 2017 April 7
and 10 were utilized for the present study. These observations were
either exactly simultaneous (E2; Total Exp. = 1.9 ks) or nearly
simultaneous (E1; Total Exp. = 1.6 ks; 5 h difference from NuSTAR
pointing) with the NuSTAR observations discussed in Section 2.1.
During both epochs (E1 and E2), XRT operated in windowed timing
(WT) mode. For more details about the observations, please refer
to Table 1.
Standard procedures as suggested by the instrument team were
followed for the filtering and screening. Swift/XRT data were
reduced using the xrtpipeline (version 0.13.2 release date:
2015 January 20). The background-subtracted average count rates
during E1 and E2 in WT mode were found to be 130 and 145 counts
s−1, respectively. According to Romano et al. (2006), the specified
photon pile-up limit of the WT mode data is 100 counts s−1.
Therefore, before extracting any scientific product, the possibility of
pile-up in the data is tested and corrected following the prescriptions
by Romano et al. (2006). Specifically, this was done by investigating
the spectral distortion due to pile-up and subsequently removing an
appropriate bright portion from the centre of the source image to
restore the spectrum. Following this procedure, the most suitable
pile-up free source region used for our analysis is represented by a
rectangular region defined by 108 × 36 arcsec2, with 21.6 × 21.6
arcsec2 removed from the centre. The background region wes
chosen to be a similar rectangular region, except 5 arcmin away
from the centre along the image strip. The end products, namely
energy spectrum and light curves corresponding to the source and
background regions were extracted using ftools XSELECT (V2.4d).
Afterwards, the XRTMKARF tool was utilized for generating the
ARF files using the source spectra and exposure map. The resulting
files are then used along with the proper RMF files from the recently
updated CALDB, for further spectral analysis.
3 A NA LY SIS AND RESULTS
3.1 Temporal analysis
The publicly available one-day averaged MAXI light curve in the
energy range 2.0–20.0 keV is plotted in the left-hand panel of
Fig. 1, with hardness ratio as a function of time plotted in the
bottom. The hardness ratio is defined as the ratio of count rates in
the 4.0–10.0 keV and 2.0–4.0 keV energy bands (Morihana et al.
2013). The 1-d averaged Swift/BAT light curve in the energy band
15.0–50.0 keV is shown in the right-hand panel of the Fig. 1. The
long-term light curves from MAXI (2.0–20.0 keV) and BAT (15.0–
50.0 keV), clearly display the overall rising and declining trends
in flux. The average count rate over the two epochs E1 and E2
show a small variation as presented in Table 1. For NuSTAR (3.0–
80.0 keV) the average count rate during E1 is slightly higher than
during E2, whereas the reverse trend is seen for the average XRT
fluxes.
Fig. 2 shows the 120-s binned light curve corresponding to E1
and E2 for different energy bands. It indicates periodic variations
of 5800 s, as derived from folding of the light curve over a range of
periods and searching for the maximum chi-square as a function of
the period in both observations. However, this could be an artefact
of the satellite orbital motion. In order to verify a periodicity
of time-scales of 5800s which nearly matches with the satellite
orbital period of NuSTAR, one needs longer observations and more
rigorous investigations of the artifacts/systematics introduced by
the improper accounting of instrument background etc at different
orbital phases of NuSTAR. This anyway is beyond the scope this
work and hence will not be discussed.
To characterize the variability in GRS 1716–249 during both
epochs E1 and E2, the power density spectrum (popularly known as
PDS) was generated. They are displayed in Fig. 3. PDS are generated
by using the Fourier transform of the light curves. The peaks in the
PDS correspond to the presence of periodic signals in the light
curves. The powspec tool distributed as XRONOS sub-package
of the heasoft package is used to generate the PDS. The NuSTAR
detectors are affected by dead time, which is 2.5 ms (Harrison
et al. 2013; Bachetti et al. 2015). However, we generated PDS for
FPMA and FPMB separately, which are not dead-time corrected.
The presence of dead time affects the contribution of white noise
in the PDS and sometimes affects the overall shape of the QPO,
but there is no effect on the QPO peak frequency. A distortion of
the overall QPO shape affects the Q factor and significance, but the
variation is only significant at higher count rates, above 600 counts
s−1 (Bachetti et al. 2015). We observed a QPO in both detectors.
The PDSs were fitted with a model consisting of two Lorentzians
added together. The first, broader Lorentzian component represents
the continuum, whereas the second Lorentzian was used to fit
the QPO. The significance of the QPOs was estimated by the
ratio of the area under the Lorentzian profile peaking at the QPO
frequency (shown with the blue dash–dot–dashed line in Fig. 3)
to the 1σ negative error in the area estimated by the model. The
recipe suggested by Vaughan (2005) was adopted to calculate the
confidence level of the detected QPO and to reject low significance
peaks.
In Table 2, we present the derived broad Lorentzian knee
frequency, QPO frequency, Q factor, its significance and χ2/dof
for various segments of the NuSTAR light curves for both epochs
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Figure 1. Left: 1-d averaged light curve (top panel) from MAXI (2.0–20.0 keV) along with hardness ratio (bottom panel) to display the long-term variations
in GRS 1716–249. Right: The Swift/BAT light curve in the energy range 15.0–50.0 keV. The blue vertical lines indicate the times of the observations used for
the present study. Both observations are highlighted with the red star symbol in the MAXI and Swift/BAT plots, and represent the observed flux measured by
MAXI and Swift/BAT.
Figure 2. Left: NuSTAR light curves for epoch E1, binned over 120 s, in three different energy bands. The top, middle, and bottom panels correspond to the
energy bands 3.0–30.0, 30.0–80.0, and 3.0–80.0 keV, respectively. Right: Same as the left-hand panel, but for epoch E2 (see Table 1 for details of the data).
Counts from both FPMA and FPMB are added to improve the S/N ratio.
Figure 3. PDS of the light curves in the 3.0–80.0 keV band for epochs E1 (a) and E2 (b), respectively. The bottom panels show the residuals for the same.
The red dashed and the blue dotted lines in each plot represent the broad continuum and QPO (peaked at 1.20 Hz for E1 and 1.55 Hz for E2) fitted with a
Lorentzian model. The solid black line indicates the total model. The observed QPOs have a significance of 6.9σ and 8.1σ , respectively.
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Table 2. Spectral parameters obtained through time-resolved analysis of NuSTAR data.
Epoch E1
Timea Exp. νknee νQPO Q factor σQPO χ2/dof h  Log ξ χ2/dof Total
(min) (ks) (Hz) (Hz) (timimg) (GM/c2)
[log(erg
cm s−1)] (spectral) fluxb
926.76 2.1 0.13+0.02−0.02 1.13
+0.01
−0.01 11.57
+2.84
−2.73 6.9 49.11/42 24.19
+6.89
−4.39 1.785
+0.011
−0.022 2.88
+0.22
−0.09 813.44/722 12.95
+0.04
−0.05
989.54 2.2 0.15+0.02−0.02 1.18
+0.01
−0.01 8.28
+1.91
−1.67 6.4 52.88/42 28.06
+9.68
−5.63 1.802
+0.009
−0.010 2.77
+0.07
−0.05 764.64/722 12.81
+0.04
−0.04
1086.59 2.2 0.15+0.02−0.03 1.18
+0.02
−0.01 8.02
+1.81
−1.66 6.3 47.88/42 23.18
+7.76
−4.55 1.803
+0.012
−0.013 2.81
+0.12
−0.07 675.19/722 12.79
+0.04
−0.04
1183.08 2.2 0.12+0.02−0.02 1.19
+0.02
−0.02 5.71
+1.41
−1.16 4.4 53.81/42 21.91
+7.34
−4.21 1.798
+0.012
−0.013 2.78
+0.10
−0.06 738.31/722 12.80
+0.04
−0.04
1280.21 2.2 0.14+0.02−0.02 1.23
+0.02
−0.02 9.22
+3.21
−3.24 4.5 49.11/42 23.36
+7.11
−4.26 1.799
+0.012
−0.012 2.86
+0.15
−0.08 791.99/722 12.71
+0.04
−0.04
1376.69 2.3 0.15+0.02−0.02 1.17
+0.01
−0.01 7.78
+1.71
−1.41 6.8 39.56/42 24.19
+8.26
−6.21 1.768
+0.024
−0.016 3.09
+0.10
−0.07 757.02/722 12.83
+0.04
−0.02
1472.66 2.2 0.14+0.02−0.02 1.11
+0.02
−0.02 5.85
+1.42
−1.15 5.9 52.01/42 23.57
+7.93
−4.58 1.790
+0.013
−0.012 2.86
+0.19
−0.09 720.65/722 12.88
+0.04
−0.04
1569.67 2.2 0.16+0.02−0.02 1.16
+0.01
−0.01 9.12
+2.10
−1.77 6.6 51.95/42 17.62
+4.15
−2.77 1.781
+0.014
−0.008 2.93
+0.16
−0.14 751.44/722 12.84
+0.04
−0.04
Epoch E2
5384.85 2.2 0.15+0.02−0.02 1.45
+0.02
−0.03 8.52
+1.99
−2.32 5.5 48.97/44 11.86
+1.40
−1.30 1.817
+0.017
−0.017 2.98
+0.14
−0.19 729.60/722 12.03
+0.04
−0.04
5439.51 2.3 0.11+0.02−0.03 1.45
+0.01
−0.01 10.90
+2.14
−1.81 8.1 56.15/44 10.97
+1.55
−1.17 1.824
+0.014
−0.020 2.88
+0.22
−0.12 819.55/722 11.95
+0.04
−0.04
5535.86 2.3 0.20+0.02−0.02 1.47
+0.02
−0.02 7.68
+1.57
−1.48 7.7 41.35/44 29.87
+13.31
−9.66 1.782
+0.017
−0.015 3.46
+0.05
−0.11 744.96/722 11.88
+0.04
−0.04
5632.99 2.2 0.18+0.02−0.02 1.53
+0.01
−0.02 10.14
+2.48
−2.25 6.4 50.05/44 11.91
+1.91
−1.39 1.855
+0.014
−0.018 2.83
+0.21
−0.09 823.90/722 11.79
+0.04
−0.04
5729.58 2.3 0.16+0.02−0.02 1.65
+0.02
−0.03 7.38
+2.11
−1.63 5.5 45.20/44 11.42
+1.26
−1.19 1.841
+0.023
−0.015 3.08
+0.46
−0.24 700.51/722 11.60
+0.04
−0.04
5825.97 2.2 0.21+0.02−0.02 1.67
+0.03
−0.02 9.38
+3.58
−3.40 4.4 50.62/44 21.95
+14.05
−7.08 1.812
+0.011
−0.008 3.46
+0.11
−0.10 791.98/722 11.61
+0.04
−0.04
5923.12 2.0 0.24+0.02−0.02 1.60
+0.05
−0.03 15.05
+14.19
−15.05 2.1 52.05/44 21.35
+15.08
−6.76 1.813
+0.012
−0.009 3.41
+0.10
−0.10 714.37/722 11.56
+0.04
−0.04
Note. aTime since MJD 57850.0; bFlux in energy band 3.0–79.0 keV shown in unit of (×10−9) ergs cm−2 s−1.
Exp.: exposure time; νnoise: peak frequency of broad Lorentzian noise; νQPO: peak frequency of QPO; σQPO: significance of detection; : photon Index; log
ξ : accretion disc ionization parameter; h: the lamp-post height; a∗ is fixed at 0.998.
in columns 3–7, respectively. The temporal evolution of these
parameters is shown in Fig. 4. It is evident from Fig. 4 that there is
a hint of variations in the QPO peak frequency (νQPO) during both
epochs, and we measured a significant change of the QPO peak
frequency between the two epochs. During E1, it rises consistently
from 1.13 to 1.23 Hz in 6 h and afterwards decreases to 1.11 Hz
within the next 3 h, before rising again as evident from the last
segment. Although the Q factor shows some signature of variations,
it always remains within 1σ uncertainty. The significance of the
QPO detection (σQPO) was always above 4. The beginning of
E2 witnessed a higher value of νQPO of 1.45 Hz which remained
constant within 1σ for approximately 2.5 h. The next four segments
indicate a rising trend for the rest of the observations. Q factor seems
to be constant throughout E2. We also find that the QPO detection is
always significant at ≥ 4σ . Note that the two epochs E1 and E2 are
separated by approximately 2.6 d. Therefore, there is an indication
that on an average νQPO is drifting towards higher frequencies with
temporary reversals of the trend in between. However, the Q factor
shows a small hint of variations with a mean value 8 within 2σ
errors.
Type C QPOs are strong (rms amplitude 21 per cent), narrow (Q
factor ∼ 4–12) with centroid frequency varying within 0.1–15 Hz
and superimposed on a strong flat-top noise (Casella et al. 2005;
Pahari, Yadav & Bhattacharyya 2014). As displayed in Fig. 4 and
evident from the PDS fitting parameters listed in Table 2, the QPO
frequency varies in the range 1.11–1.67 Hz, the Q factor ranges
within 5–12 and a broad Lorentzian knee frequency is also present
in our observations. This confirms that the observed low-frequency
QPO to be of type C. The PDS plots displayed in Fig. 3 also confirm
the same type of LF QPO. Both the PDS are Leahy normalized and
noise subtracted.
3.2 Spectral analysis
To understand the spectral characteristics of GRS 1716–249 during
the epochs E1 and E2, a simultaneous fit of the broad-band spectrum
from NuSTAR/FPMA, FPMB (3.0–78.0 keV) and Swift/XRT (0.5–
8.0 keV) was performed using XSPEC version: 12.10.0 (Arnaud
1996). Before employing more complex models, the spectral fitting
was first attempted with individual standard continuum models like
diskbb, nthComp, and powerlaw. They generally result in
large reduced chi-square values (χ2ν ) (	 2; i.e. greater than the
acceptable limit).
An additional constant multiplicative term was incorporated in
the models, utilizing the CONSTANT model inbuilt in XSPEC,
to adjust the factors related to the cross-instrument calibration
uncertainties. This constant is kept fixed at 1 for Swift/XRT,
and the spectra were fitted by keeping it free for FPMA and
FPMB. In this way, the best-fitting constants for FPMA and
FPMB represent the relative cross-instrument calibration factors
with respect to Swift/XRT. This relative cross-instrument factor for
E1 was estimated as 1.16 ± 0.02 (16 per cent) for both FPMA and
FPMB, while for E2 it was found to be 1.08 ± 0.01 (8 per cent)
for both telescopes. The recommended acceptable range for the
cross-instrument calibration factor between Swift and NuSTAR is
3–20 per cent (Madsen et al. 2015; Marcotulli et al. 2017). Hence,
our values clearly fall within the acceptable range as recommended
in the literature.
To consistently explain the observed broad-band spectrum,
two-component models such as TBabs×(diskbb + nth-
Comp), TBabs×(diskbb + powerlaw), and
TBabs×(nthComp + powerlaw) were further fitted to
the data. The observed spectrum at both epochs (E1 and
E2) were found to be reasonably well described by the
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Figure 4. Left: Temporal evolution of the QPO frequency (top panel), Quality factor (middle panel) and QPO significance (σ ; bottom panel) derived from
the NuSTAR observation dated 07 April 2017. Right: Same as in the left-hand panel, but for the NuSTAR observation on 2017 April 10. The QPO frequency
clearly shows significant variations in the two epochs, whereas the Q factor remains constant within uncertainties. The significance of the Q factor varies, but
is always above 4σ (4σ–7σ for E1 and 4σ–8σ for E2).
TBabs×(diskbb + nthComp) model, i.e. the combination
of multicoloured disc blackbody component (diskbb: Mitsuda
et al. 1984; Makishima et al. 1986) and a thermal Comptonization
model (nthComp: Zdziarski, Johnson & Magdziarz 1996; Zy˙cki,
Done & Smith 2009) modulated by Galactic absorption by neutral
hydrogen (TBabs: Wilms, Allen & McCray 2000). We found
excesses around 1.3, 6.4, and 30 keV as shown in Fig. 5. An
excess around 6.4 keV is indicative of an Fe emission line from
the accretion disc, while the observed residuals around 30 keV
indicate a Compton hump, which, together with the relativistically
broadened Fe K α line, is typical for Compton reflection. A soft
excess around 1.3 keV is typically observed when the surface of the
accretion disc is ionized. In this case, electron scattering becomes
important along with the re-emission of emission lines, causing a
soft excess (Ross & Fabian 1993, 2005; Garcı´a et al. 2013). We
found that the red wing of the Fe emission line is extended down
to 6 keV while the blue wing is stretched close to 8 keV with a dip
around 11 keV as shown in Fig. 5.
Therefore, we replaced the nthComp model by the self-
consistent, broad-band reflection model relxilllpCp from the
relxill (v1.0.2: Dauser et al. 2014; Garcı´a et al. 2014) model
family, to account for the relativistic reflection spectrum. Thus, our
best-fitting model is TBabs×(diskbb + relxilllpCp).
TherelxilllpCpmodel is based on a lamp-post geometry of the
corona, which is believed to be the illuminating source. In the lamp-
post geometry, the corona is treated as a point source positioned
at a height h, on the black hole spin axis above the accretion
disc. The relxilllpCp model uses the thermal Comptonization
model nthComp as the input continuum. In the case of the
relxilllpCpmodel, the value of the reflection fraction (Reflfrac)
can be self-consistently determined, depending on the values of the
lamp-post height (h), the black hole spin parameter (a∗) and the
inner accretion disc radius (Rin) through ray-tracing calculations.
The evaluation of Reflfrac by the model itself helps to reduce the
parameter space and eventually constrains the geometry of the
system (Dauser et al. 2014).
While fitting the average spectra for both epochs using best-fitting
model (i.e. TBabs×(diskbb + relxilllpCp)), we fixed
the value for the outer radius of the accretion disc at 400 rg, where
rg is the gravitational radius (rg ≡ GM/c2). We simultaneously
fitted for a∗ and Rin but those two parameters are degenerate, and
the effective inner accretion disc radius is controlled by both a∗ and
the disc inclination angle. In the case of a non-rotating black hole
(a∗ ≈ 0), RISCO ≡ 6rg. However, in the case of a Kerr black hole,
considering the co-rotating case where the accretion disc is rotating
in a direction same as the compact object, RISCO ≡ rg (Bardeen,
Press & Teukolsky 1972; Thorne 1974). During the spectral fitting
for both E1 and E2, the spin parameter (a∗) approached the hard
upper limit of 0.998. Therefore, we have frozen the value of a∗ at
0.998 and kept Rin free to vary. For a black hole of a∗ ≈ 0.998, RISCO
≈ 1.24 rg (Bardeen et al. 1972; Thorne 1974).
Additionally, to determine the real nature of the system, i.e.
whether the compact object is favouring a low spin or a truncated
disc, we fixed the value of Rin at the ISCO and allowed the spin
parameter to vary. We found that a∗ continued to saturate at the
maximum value and the 2σ uncertainty on the spin parameter
provided a lower bound of 0.73. It is observed that the χ2/dof is
949.04/906 if we freeze a∗ at its maximum value (0.998), whereas
it is 1010.72/906 when we fix Rin at the ISCO. This implies that the
system prefers a truncated disc over a low spin.
During our analysis for both epochs, we were unable to constrain
the electron temperature (kTe). Therefore, we fixed it at a value of
400 keV. From our spectral fittings, the iron abundance (AFe) was
found to be 0.79+0.11−0.05 times the solar abundance for E1. However,
for E2 the value of the iron abundance is found to be 1.01+0.34−0.08 times
the solar abundance. Apart from the above-mentioned parameters,
we determined the following reflection and continuum parameters
using the relxilllpCp model: the lamp-post height (h), the
power-law index (), the Rin, the ionization index of the accretion
disc (log ξ ) and the flux due to reflection.
Even after using the best-fitting model
(TBabs×(diskbb + relxilllpCp)), we have observed a
small excess around 6–7 keV in the XRT spectra. The main reason
for this excess could be cross-calibration errors. The position of the
line is better constrained by NuSTAR spectrum in comparison to the
Swift/XRT spectrum, due to the high S/N ratio for NuSTAR, owing
to its excellent sensitivity in this energy range. The iron line profiles
observed by Swift/XRT and NuSTAR do not match perfectly for
the same reason, and hence identical constraints for the Gaussian
profile of the line for both instruments cannot be obtained by
simultaneous fitting. Therefore, a small excess around 6–7 keV is
visible in the Swift/XRT spectrum. The equivalent widths of the
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Figure 5. Left: Ratio of jointly fitted Swift/XRT (black dots) and NuSTAR FPMA (red star)/FPMB (blue square) spectra for epoch E1. The spectra are fitted
using a simple phenomenological model TBabs×(discbb + nthComp) for observation E1 in the energy range 0.5–79 keV. A broad emission line feature
in the energy range 5–8 keV and a dip around 11 keV is significantly detected. Around 1 and 30 keV a hump-like excess is also observed. Right: Same as on
the left, but for epoch E2.
6.4 keV line derived from simultaneous fitting, corresponding to
the epochs (E1) and (E2), are found to be 0.222 ± 0.001 keV and
0.173 ± 0.001 keV, respectively.
The fitted spectra along with the different model components
and residuals, for both epochs (E1 and E2) are presented in the
left- and right-hand panel of Fig. 6 (see Table 3 for the best-fitting
parameters), respectively. For the broad-band continuum, we used
the TBabs (Wilms et al. 2000) model inbuilt in XSPEC to account
for the Galactic neutral hydrogen column density. The most recent
abundance model (aspl: Asplund et al. 2009), inbuilt in XSPEC,
was adopted as an abundance input for the TBabs model. The
best-fitting absorption column density, nH (in units of 1022 cm−2)
was found to be 0.62+0.02−0.02 and 0.59+0.01−0.01 for the epochs E1 and E2,
respectively. These values show significant excess over the Galactic
value in the direction of source as estimated by the online tools of
the LAB Survey3 (Kalberla et al. 2005) (nH = 0.26 × 1022 cm−2)
implying the presence of intrinsic excess absorption in this BHXRB
system.
The disc temperature (Tin of the diskbb model) shows a small
variation but the ionization index of the accretion disc (log ξ ), as
well as the lamp-post height (h) as estimated from the broad-band
spectral fitting at E1 and E2, do not show any significant change. The
power-law index () increases from 1.768+0.013−0.006 (E1) to 1.812+0.006−0.006
(E2). This increment in  suggests that the source is drifting towards
the soft state. The obtained inner disc radii Rin (rg) for E1 and E2
are 14.78+5.93−14.78 rg and 12.88+5.06−3.58 rg, respectively. The disc ionization
(log ξ ) is high for both observations and its values corresponding
to E1 and E2 are found to be 3.07+0.06−0.03 and 3.19+0.28−0.07, respectively.
The best-fitting lamp-post height (h) is 23.77+16.02−10.84 and 12.75+7.30−5.11
in units of rg. The variation in h is small and within 2σ error bars.
The 2σ error in all the above-mentioned quantities were calculated
using the error command in XSPEC.
In order to constrain the inner radius of the accretion disc from
our best-fit model (TBabs×(diskbb + relxilllpCp)),
we determined 
χ2 using steppar command in XSPEC. The
variation of the resulting 
χ2, while changing the inner disc radius
as the free parameter between 1 RISCO and 23 RISCO for epochs E1
and E2, is illustrated in the left-hand panel of Fig. 7. The 2σ and
3https://www.astro.uni-bonn.de/hisurvey/profile/index.php
3σ significance levels are shown by the horizontal lines. Within
3σ bounds, the value of the inner disc radius for the epochs E1
and E2 are found to be 11.92+8.62−11.92 RISCO and 10.39+9.51−3.02 RISCO or
14.78+10.69−14.78 rg and 12.88+8.50−3.74 rg, respectively. The first epoch (E1)
represents only an upper bound. Similarly, we have also constrained
the disc inclination angle as shown in the right-hand panel of Fig. 7.
The value of the inclination angle is found to be 54.19+7.43−12.48
◦
and
46.59+11.78−10.38
◦ for E1 and E2, respectively, within 3σ bounds.
The un-absorbed total fluxes corresponding to the different
continuum (disc and Comptonized emission) components have
significantly changed from E1 to E2. For example, the total flux
has increased by 5 per cent after considering the proper error
propagation. As mentioned earlier, the source was in a relatively
softer state at E2 in comparison to E1. The detailed parameters
obtained from modelling the broad-band X-ray spectrum (for both
epochs E1 and E2) are summarized in Table 3. We have witnessed
significant changes in , making the overall spectra during E2
relatively softer than during E1. This implies the possibility of
successive changes in , i.e. its evolution during the spectral state
change of GRS 1716–249 from E1 to E2.
Aiming to study this behaviour, the overall NuSTAR light curves
during E1 and E2 were subdivided into 8 and 7 fragments,
respectively. The same segments were used for investigating the
QPOs and the spectral fittings. Due to the unavailability of data at
low energies (<3.0 keV) during these fragments, we have modelled
only the 3.0–79.0 keV band. Absorption by neutral hydrogen is
modifying the continuum at low energies and in our observations
the disc is weak, extending only up to 3.5 keV. Hence, the NuSTAR
data cannot constrain the disc contribution. Therefore, we have
kept nH and Tin fixed to the values obtained after fitting the overall
average spectrum (listed in Table 3) for both epochs E1 and E2.
However, we can assume that certain parameters do not change
significantly over a time-scale as small as 2 ks. Therefore, we have
fixed Rin and AFe to their respective values obtained after fitting the
overall average spectrum of epoch E1 and E2, as detailed in Table 3.
The results from the above-mentioned time-resolved spectral
fitting are shown in Fig. 8 and are tabulated in Table 2. Note that the
error bars shown in Fig. 8 represent 2σ errors. This clearly shows
that the spectral parameters, namely  and log ξ derived for both E1
and E2 show a hint of variation within 2σ significance.  shows an
overall softening from epoch E1 to E2. On the other hand, the lamp-
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Figure 6. Swift/XRT (black dots) and NuSTAR FPMA (red star)/FPMB (blue square) unfolded spectra of GRS 1716–249 along with the best-fitting model
components (TBabs×(diskbb + relxill(lp)Cp)), and residuals for epoch E1 (left-hand panel) and epoch E2 (right-hand panel). a∗ is fixed at
0.998.
Table 3. Model parameters from simultaneous Swift/XRT (0.5–8.0 keV) and NuSTAR (3.0–79.0 keV) spectral fitting.
The model which provides the best fit is TBabs×(diskbb + relxill(lp)Cp). 2σ errors are quoted. This
model resulted in χ2/dof = 949.04/906 and 1097.55/906 for E1 and E2, respectively. Fig. 6 shows the fitted energy
spectrum along with the model constituents and residuals for both observations.
Component Parameter Epoch Epoch
E1 E2
TBABS NH (×1022cm−2) 0.62+0.02−0.02 0.59+0.01−0.01
diskbb Tin (keV) 0.70+0.06−0.04 0.59+0.02−0.02
Norm. 132.18+53.73−49.11 437.70
+105.49
−89.48
relxill(lp)Cp h (GM/c2) 23.77+16.02−10.84 12.75+7.30−5.11
a∗ (cJ/GM2) 0.998f 0.998a
i (deg) 54.19+6.77−7.89 46.59+3.83−5.85
Rbin (RISCO) 11.92+4.78−11.92 10.39+4.08−2.89
 1.768+0.013−0.006 1.812
+0.006
−0.006
Log ξ [log(erg cm s−1)] 3.07+0.06−0.03 3.19+0.28−0.07
AFe (solar) 0.79+0.11−0.05 1.01+0.34−0.08
Norm. (×10−2) 3.11+0.56−0.32 3.17+0.85−0.34
FTotal (×10−9 ergs cm−2 s−1) 14.85+0.16−0.16 15.59+0.14−0.14
Fdiskbb (×10−9 ergs cm−2 s−1) 0.49+0.05−0.05 0.89+0.08−0.07
Frelxill (×10−9 ergs cm−2 s−1) 14.40+0.15−0.15 14.88+0.14−0.14
χ2/dof 949.04/906 1097.55/906
Notes: aInner disc radius; btags imply that the specific parameter was frozen to these values while fitting the spectra.
(1) Note that all the errors are calculated using error command in XSPEC.
(2) The flux values shown in this table are unabsorbed and calculated for the energy band 0.5–79.0 keV.
post height (h) is almost invariable during both epochs (E1 and E2)
within 2σ uncertainties. When we compare the spectral parameters
obtained from time-resolved spectrum fitting and average spectrum
fitting, we see that there is some variation in the values of  and
log ξ . Some  values are above the average values, whereas the log
ξ values are below the average value. This variation in  and log
ξ could be due to the difference in the energy range between the
average spectrum and the time-resolved spectrum. For the average
spectrum, we performed a fit in the energy range 0.5–79.0 keV,
whereas we carried out time-resolved spectrum fitting in the energy
range 3.0–79.0 keV, as we do not have Swift/XRT data for each
time interval. A systematically lower log ξ corresponds to a larger
 to produce a similar fit. These two parameters are anticorrelated to
some degree and hence, if  systematically increases, the ionization
parameter will decrease (Garcı´a et al. 2013; Choudhury et al. 2017).
3.3 Correlation study
The correlations between the model parameters derived from the
time-resolved spectroscopy and the QPO frequency (νQPO) were
also studied. The Pearson correlation test is performed to quantify
the correlation, using the following definition:
(i) Pearson correlation coefficient (Pearson 1920)
r = (x − x¯)(y − y¯)√
(x − x¯)2
√
(y − y¯)2 , (1)
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Figure 7. Variations of 
χ2 as a function of the inner accretion disc radius (Rin: in units of RISCO, determined from the relxilllpCp model) and the
disc inclination angle (i). In the left-hand panel, the variation of 
χ2 with inner disc radius is shown as observed in Epoch E1 (black solid line) and E2 (red
dotted line). It is found that from epoch E1 to E2 within 3σ uncertainty, the inner disc radius decreased from 11.92+8.62−11.92 (RISCO) to 10.39+9.51−3.02 (RISCO). The
right-hand panel shows the variations of 
χ2 as a function of disc inclination angle. The inclination angle is found to be 54.19+7.43−12.48
◦
and 46.59+11.78−10.38
◦ for
E1 and E2, respectively, within 3σ significance. a∗ is fixed at 0.998.
Figure 8. Comparative study of time-resolved energy spectroscopy between E1 and E2. The top panel shows the variation of the photon index (), the second
panel presents the variation of the accretion disc ionization parameter (log ξ ) and the variation of lamp-post height (h) is shown in the third panel. a∗ is fixed
at 0.998.
where x¯ and y¯ are the mean of the two series x and y.
The p-value (significance level) of the correlation is determined
by the T-test given by
t = r√
1 − r2
√
n − 2. (2)
As interpreted from the T-distribution table, the p-values (p) ≤ 0.05
indicate a strong correlation.
The above-mentioned test reveals a strong correlation between
 and νQPO, as displayed in Fig. 9. The corresponding Pearson’s
coefficient is also shown in the plot. A strong positive correlation is
observed for –νQPO with r = 0.70 (p = 8.78 × 10−4).
4 D I S C U S S I O N A N D C O N C L U S I O N S
In this work, we present a broad-band X-ray study of the black
hole candidate X-ray binary GRS 1716–249 during its 2016–2017
outburst in the energy range 0.5–79.0 keV, using Swift/XRT and
NuSTAR FPMA and FPMB data on two different occasions. The
joint spectral analysis shows the presence of a broad iron line and
reflection hump around 30 keV, which can be well modelled with
the state-of-art relativistic reflection model relxilllpCp. We
Figure 9. Variation of the photon index () with QPO frequency. The solid
line shows the best-fitting linear dependence. The Pearson (r) correlation
coefficients for νQPO–  is 0.70 (p = 8.78 × 10−4).
constrained the inner disc radius for both epochs and found that
the inner disc tends to moves inwards with an increase in the mass
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accretion rate. A low-frequency QPO is observed at 1.20 ± 0.04 Hz
during the first epoch E1 and the QPO frequency is shifted to
1.55 ± 0.04 Hz in the second epoch E2. The time-resolved analysis
reveals that there is a hint of variation in the QPO frequency during
the second epoch (E2). We observed a strong positive correlation
between the QPO frequency and the power-law index.
This work reports for the first time the NuSTAR detection of a LF
QPO at 1.20 ± 0.04 Hz in the LMXB GRS 1716–249. Earlier studies
from the 1993 outbursts of GRS 1716–249 detected a QPOs at
0.04 Hz which slowly drifted to 0.3 Hz at the end of the observation
(van der Hooft et al. 1996), but there were no QPO detections at
frequencies ≥1 Hz.
We observed that the QPO frequency (νQPO) increases signifi-
cantly as the source moves from epoch E1 to E2 and the total flux
follows the same trend, which shows a positive correlation between
the flux and νQPO (Ingram & Done 2011). A positive correlation
has also been observed between the photon index and νQPO. The
changing QPO frequency could be connected to the inner edge of the
accretion disc (Takizawa et al. 1997). If the total flux is connected
to the mass accretion rate, this signifies that the inner edge of the
accretion disc may move inward with an increasing mass accretion
rate.
The correlation between  and νQPO has been beautifully demon-
strated by the time-resolved spectroscopy over both epochs (E1 and
E2). The gradual increase of  over the total 15 segments (Table 2)
from E1 and E2, signifies a gradual successive decrease in the non-
thermal emission. The cross-correlation study between νQPO and
the power-law index  (Fig. 9) clearly establishes a scenario, where
the drifting of νQPO towards higher frequencies and the increase in
, correspond to a decrease of the non-thermal flux (96.97 per cent
to 95.45 per cent) with an increase of the disc flux (3.30 per cent to
5.71 per cent) as evident from Table 3. Therefore, it is evident that
the Comptonizing plasma is diminishing with the disc entering into
the soft state.
A strong correlation between  and νQPO has already been
observed in a number of X-ray binaries, for example 4U 1608−52
and 4U 0614 + 091 (Kaaret et al. 1998), XTE J1550−564 and
GRO J1655−40 (Sobczak et al. 2000), Cyg X-1 (Shaposhnikov &
Titarchuk 2006) and Cyg X-2 (Titarchuk, Kuznetsov & Shaposh-
nikov 2007). Sobczak et al. (2000) observed a positive correlation
for XTE J1550−564 and a negative correlation for GRO J1655−40.
The authors explained that an increase in the mass accretion rate
increases the QPO frequency, and the contribution from the power
law should be more than 20 per cent for QPOs to be present. Sobczak
et al. (2000) have also suggested that the opposite correlation in
XTE J1550−564 and GRO J1655−40 could be due to different
regions of QPO generation in the two sources. To explain the
correlations, Titarchuk & Fiorito (2004) proposed the transition
layer (TL) model. According to this model, a compact bounded
coronal region is formed as a natural consequence of the adjustment
of the Keplerian disc flow to the innermost sub-Keplerian boundary
conditions near the central region. It ultimately ends up forming a
TL between the adjustment radius and the innermost boundary.
However, this mechanism is unable to produce the inclination-
dependent QPOs obtained by Motta et al. (2015).
The observed correlation can be successfully explained on the
basis of the Lense-Thirring (LT) precession model (Stella & Vietri
1998; Ingram et al. 2009) and the truncated disc model (Esin,
McClintock & Narayan 1997; Poutanen, Krolik & Ryde 1997;
Done, Gierlin´ski & Kubota 2007). When the mass accretion rate
shows rapid growth, the truncated disc radius slowly starts moving
towards the compact object, hence leading to an increase of the
LT precession frequency. The QPO frequency and its evolution are
governed by the size as well as the fluctuations in the truncation
radius (increase in QPO frequency represents a decrease of the
truncation radius) (Motta et al. 2017). The spectral changes during
the source transition can also be explained in this framework. When
the mass accretion rate increases, the outer disc gradually starts
moving towards the compact object. The disc component becomes
stronger and causes greater cooling of the hot inner flow by the cool
photons from the disc, resulting in a soft spectrum (Motta et al.
2015; Zhang et al. 2015).
In our spectral analysis, we can estimate the inner radius of the
accretion disc (Rin) in two different ways. The relxilllpCp
model directly provides Rin, which is found to be 14.78+10.69−14.78 (rg)
and 12.88+8.50−3.74 (rg), for epoch E1 and E2, respectively. Rin can be
calculated from the normalization of the diskbbmodel. Using the
disc inclination obtained from our spectral analysis, taking the mass
to be 4.9 M (Masetti et al. 1996) and the distance to be 2.4 kpc
(della Valle et al. 1994), Rin corresponding to epoch E1 and E2 found
to be 0.66+0.13−0.13 (rg) and 1.12+0.12−0.13 (rg), respectively. We find that the
Rin values calculated from the normalization of the diskbb model
are smaller than the values estimated from the relxilllpCp
model. One possible reason for the discrepancy in the Rin values
is that the relxilllpCp model is not self-consistent as it uses
the nthComp model with seed photon temperature (Tbb) fixed at
0.05 keV. This value of Tbb is uncharacteristically low for a stellar
mass black hole accretion disc. As a result, a higher temperature
component becomes necessary to represent a part of the existing
cold disc. Secondly, Merloni, Fabian & Ross (2000) carried out
a critical analysis of the usual interpretation of the multicolour
disc model parameters for black hole candidates in terms of the
inner radius and temperature of the accretion disc. The authors
have reported that the diskbb model underestimates the inner
disc radius. Merloni et al. (2000) suggested that when the disc
contribution is very low and the spectrum is mostly dominated by
non-thermal photons, the radius inferred by diskbb is inaccurate.
They have also explained that it is very difficult to determine the
exact shape of the accretion disc spectrum for the aforementioned
case. Kubota et al. (1998) suggested a correction factor to improve
the value of Rin calculated from diskbb.
The presence of type C QPO and the broad-band spectral
fitting at both epochs (E1 and E2) confirms that the power-law
component dominates over the disc contribution, hence confirming
the intermediate state of GRS 1716–249. Here, the soft photons
from the accretion disc are Comptonized to higher energies via a
hot corona of thermal electrons through the inverse Compton effect
(Haardt & Maraschi 1991, 1993). The two epochs have shown
significant spectral changes leading to a successive softening of the
source as inferred from the broad-band spectrum at E1 and E2. The
broad Fe K α line at 6.4 keV is an indication of a spinning black
hole (Miller et al. 2009). The observed iron line is extended from
nearly 6–8 keV along with a dip around 11 keV. This shows that
both wings of the Fe K α line are stretched. It is believed that the
broadening of the red wing might be due to Doppler and general
relativity (GR) effects, while the blue wing is elongated because
of scattering of the photons within the hot inner flow (Fabian et al.
2000; Miller 2007; Miller et al. 2017).
Reflection features have already been detected in a number of
X-ray binaries. Done & ˙Zycki (1999) have significantly detected
the relativistic smearing of the reflected spectrum in Cyg X–1.
Using the X-ray spectrum, they have simultaneously constrained
the ionization state and the percentage of relativistic smearing.
They analysed observations from three different missions namely:
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EXOSAT GSPC, Ginga, and ASCA. They implemented the PEXRIV
model in XSPEC to fit the reflection spectrum, and the DISCLINE
model in XSPEC is used to account for the relativistic smearing.
They fitted the spectrum for different values of the inclination
angle and iron abundance. During the entire analysis, the photon
index ranged from 1.44 to 1.91. They also reported ξ and Rin for
various observations. Our results are found to be consistent with
their results, and during our observations,  varies from 1.80 to
1.93. On many occasions, the values of the inner disc radius and
accretion disc ionization parameter as reported by Done & ˙Zycki
(1999), are found to be close to the values observed in this work.
In a separate study, Miller et al. (2002) resolved the Fe K α
line region in Cyg X-1 through spectral analysis. The Chandra
X-ray observatory detected the source in an intermediate spectral
state during these observations. The authors observed a narrow line
around 6.42 keV along with a broad-line feature at 5.82 keV and a
smeared edge at 7.3 keV. These results support our findings, as the
study reported a photon index around 1.8 which is close to the value
we found during E1. The value of Rin reported in that study is similar
to the value of Rin found during E1 in this work. Two different lines
and a smeared edge are not observed in our study, either because
of the superior spectral resolution of Chandra in comparison to
NuSTAR (Canizares et al. 2000; Harrison et al. 2013), or because
they may not be present in GRS 1716–249.
Recently, there have been several attempts to find a correlation
between QPOs and iron lines to constrain the origin of the QPOs
(Miller & Homan 2005; Ingram & van der Klis 2015). The basic idea
behind such an attempt is that both the QPOs and Fe line possibly
originate from the inner part of the accretion disc. Therefore, they
can provide an independent signature of the geometry of the inner
disc. It has been found that the variation in the QPO frequency
and the QPO phase is correlated with the variation of the iron line
centroid frequency (Ingram et al. 2016, 2017). These studies reflect
the geometric origin of QPOs. However, our current findings are
limited to explore any such correlations between QPO and Fe line
because of the limited extent of our observations. In future work,
we plan to use better timing and multi-epoch data from ASTROSAT
(Antia et al. 2017; Verdhan Chauhan et al. 2017), spanning over
several months, along with our current results, to study the QPOs
with more physical explanations and rigorously updated physical
models.
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